BACKGROUND: Studies examining the foetal origins hypothesis suggest that small birth size may be a marker of foetal adaptations that programme future propensity to adult disease. We explore the hypothesis that birth size may relate to fat distribution in childhood and that fat distribution may be a link between birth size and adult disease. OBJECTIVE: To investigate the relationship between birth size and abdominal fat, blood pressure, lipids, insulin and insulin:glucose ratio in prepubertal children. DESIGN: Cross-sectional study, based on a birth cohort of consecutive full-term births. SUBJECTS: Two hundred and fifty-five (137 females) healthy, 7-and 8-y-old children. MEASUREMENTS: Body composition and abdominal fat was measured by dual energy X-ray absorptiometry. Lipid, glucose and insulin profiles were measured after an overnight fast and an automated BP monitor was used for blood pressure measurements. RESULTS: There was a negative association between abdominal fat and birth weight s.d. score across a range of normal birth weights (b ¼ 70.18; 95% CI ¼ 70.31 to 70.04, P ¼ 0.009) and a positive association with weight s.d. score at 7=8 y (b ¼ 0.35; 95% CI ¼ 0.24 to 0.46, P < 0.001). Children who were born with the lowest weight s.d. score and had the greatest weight s.d. score at 7=8 y had significantly more (P < 0.001) abdominal fat, as a percentage of total fat (6.53 AE 1.3%) than those who had the highest birth weight s.d. score and the lowest weight s.d. score at 7=8 y (4.14 AE 0.5%). Similar results were seen if head circumference, but not ponderal index, was used as an indicator of birth size. Increased abdominal fat was associated with higher total cholesterol:HDL cholesterol, higher triglyceride concentration and increased diastolic blood pressure. CONCLUSIONS: Birth weight independently predicted abdominal fat. Children with the highest amount of abdominal fat were those who tended to be born lighter and gained weight centiles. Increased abdominal fat was associated with precursor risk factors for ischaemic heart disease.
Introduction
Studies examining the foetal origins hypothesis suggest that small birth size may be a marker of foetal adaptations that programme future propensity to adult disease. 1 These diseases include hypertension, hyperlipidaemia, hyperinsulinaemia and glucose intolerance, all of which are associated with increased abdominal fat. The presence of one or more of these abnormalities confers risk for ischaemic heart disease (IHD) and type 2 diabetes. Risk factors for IHD, including increased abdominal fat, may be present in childhood and persist into adulthood. 2, 3 Furthermore, increased abdominal fat in children is associated with a less favourable IHD risk factor status in childhood. 4, 5 Low birth weight has been associated with a higher waist to hip ratio in British women 6 and with a higher subscapular to triceps ratio in Mexican-American adults 7 and adolescent girls. 8 In the only study to date in prepubertal children, low birth weight was associated with higher truncal:extremity skinfold thickness ratio. 9 The association between birth weight and adult disease has been shown to be enhanced by the development of later obesity. 10, 11 In prepubertal children, catch-up growth between birth and 2 y was associated with increased waist circumference. 12 The unique aspect of this study is that we use a more direct measure of abdominal fat, dual energy X-ray absorptiometry (DXA), to further explore the hypothesis that fat distribution in childhood may relate to birth size as well as IHD risk factors. DXA provides a direct and accurate and precise measure of lean body mass and fat mass in children. 13 It also permits quantification of fat mass in anatomically defined regions of interest, which allows more precise evaluation of the impact of fat distribution. 14 To examine the possibility that the association between birth size and abdominal fat may be due to the correlation between birth size and current size, weight at 6 months was used as an indicator of intermediate growth.
Subjects and methods
The children in this study were originally recruited for a broader study that was designed to investigate the effect of birth size, body size and genes on blood pressure and bone density. All were born at term (mean gestational age 40 weeks, range 37 -42 weeks) at Nepean Hospital, Penrith, in western Sydney between August 1989 and April 1990 and were part of a cohort (n ¼ 2314) whose birth details have been previously published. 15 The selection criterion was living within an approximate 15 km radius of Nepean Hospital. One-thousand, three-hundred and forty children aged 7 and 8 y old from the original birth cohort fulfilled this criterion. Nine-hundred and thirtyfive children were traced. Seven children had died and 14 were excluded because they had a medical condition considered to have an impact on growth and=or bone development. An additional 29 children who lived out of the area also participated in the study because they volunteered. A total of 436 healthy children agreed to participate in the study, of whom 260 (self-selected) agreed to undergo DXA measurements. Five DXA measurements were incomplete.
Results from this sub-sample of 255 children are presented. Eight children did not fast overnight and were not included in the insulin=lipid analysis. Birth weights, lengths and ponderal index (PI) of the sub-sample were not different from the original birth cohort and the birth weights were consistent with published Australian birth weight centiles. 16 Written consent was obtained from their parents and both The Children's Hospital at Westmead Ethics Committee and the Ethics Committee of the Wentworth Area Health Service gave ethical approval for the study.
Birth details
Gestational age, birth length, birth weight and head circumference were obtained from the hospital medical records. Sex and gestational age-specific s.d. scores for birth weight and birth length were calculated from the 2314 births in the original cohort. PI was calculated using the following formula: PI ¼ weight (g)=(crown -heel length (cm) 3 )Â100.
Anthropometry at 6 months and at 7 and 8 y Weight at 6 months was obtained from the child's health record books on 169 children (86 females). At the age of 7 and 8 y height was measured using a Harpenden stadiometer (Holtain Ltd, Crymmych, Dyfed, Wales) to the nearest 0.1 cm using a standard technique and weight was measured with minimal clothing to the nearest 0.1 kg with Decto electronic scales. Height and weight were calculated as s.d. scores from the age and sex specific reference values currently used in Australia. 17 
Body composition
Body composition was measured using DXA (LUNAR DPX equipped with proprietary LUNAR DPX software, version 3.6). The fast scan mode and LUNAR standard subject positioning was used for total body measurements, which were analysed using the extended analysis option. Manual analysis, using the 'regions of interest' feature, was performed on total body scans to gain specific information about the abdominal region, which was defined by anatomic bony landmarks. The upper border was defined as the distal margin of the lower ribs and the lower border, just superior to the supra-iliac crest. The lateral margins were placed outside the body, so that all abdominal, but no arm tissue, was included. 14, 18 Long-term quality control was performed on the DPX using an in-house total body phantom (aluminium and rice) and the LUNAR spine phantom. The mean precision for the machine over the period of the study was 3.7% for bone mineral content (BMC) and 1.3% for soft tissue. Percentage body fat (total body fat (%)) was calculated as DXA measured fat divided by DXA measured soft tissue plus total BMC. Abdominal fat was expressed as a percentage of total fat (abdominal fat%). Abdominal fat%, unlike abdominal fat (g) and total fat (g), is independent of age in this narrow age range of children.
Biochemistry
Morning blood samples were obtained after an overnight fast by standard venepuncture technique and analysed at the Children's Hospital at Westmead. Lipid and glucose profiles were measured on a Beckman CX5. Glucose concentrations were measured using the glucose oxidase method. Total cholesterol and high density lipoprotein cholesterol (HDL-C) and triglyceride concentrations were analysed using standard enzymatic colorimetric procedures. HDL-C was measured after precipitation of other lipoproteins using PEG 6000. Serum samples for insulin were stored at 780 C until assayed by radioimmunoassay using Linco's ultra
Abdominal fat and birth size in children SP Garnett et al sensitive human insulin kit. Two proxy measures of insulin sensitivity were used: fasting insulin and the insulin:glucose ratio.
Blood pressure
An automated blood pressure monitor (Dinamap XL 9301) was used for all blood pressure measurements. All measurements were made on the right arm with the arm supported on a pillow. The readings were performed in an air-conditioned hospital environment and the children were encouraged to sit quietly for 5 min before measurements were commenced. A total of five readings were taken and the means of the last three were used in the analysis. Different cuff sizes (child, small adult and adult) were used to measure blood pressure depending on the mid arm circumference: an adjustment in the analysis was therefore made for the effect of cuff size.
Statistical analysis
Data were analysed and assessed for normality using Statistical Package for Social Sciences, version 9.0 (SPSS, Chicago). Differences between groups were assessed by Student's t-test if data were normally distributed, otherwise a Mann -Whitney U-test was used. Repeated-measures ANOVA was used to test the difference between weight s.d. score at the three different time periods (birth, 6 months and 7=8 y). No other covariates were in the model. Associations between variables were assessed using curve estimation. Based on r 2 , F-values and significance, linear associations were found to be the best fit. Data were analysed by both categorical and continuous methods: two-way ANOVA, correlation analysis and stepwise multiple linear regression. Regression equations are presented to indicate the effect of birth size, size at 7=8 y and change in size on abdominal fat as suggested by Lucas et al.
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Results
The children's anthropometric characteristics at birth, 6 months and 7=8 y are shown in Table 1 . Birth weight, length and PI of this sub-sample of 255 children were not different from the original birth cohort. The mean birth weight of the children was 3.47 AE 0.49 kg (range 2.33 -4.93 kg; seven children had a birth weight < 2.5 kg). Birth weight distribution can be seen in Figure 1 . There was no significant difference in birth weight (P ¼ 0.33), birth length (P ¼ 0.44), PI (P ¼ 0.65) or abdominal fat at 7=8 y (P ¼ 0.07) of the children who had growth data at 6 months and those who did not, although total fat was lower in those who had their weight recorded at 6 months. There were significant differences (P < 0.001) in the mean weight s.d. score at the three different time periods.
Birth size, size at 7=8 y and abdominal fat Abdominal fat as a percentage of total fat was inversely related to birth weight (g) and positively associated with current weight s.d. score at 7=8 y, see Figure 1 . Birth weight and weight s.d. score categories were arbitrarily defined as < 3000, 3000 -4000 and > 4000 g and < 70.67, 70.67 to 0.67 and > 0.67 s.d. score. Birth weight category cut-off points are broadly representative of the 15th (71 s.d. score) and 85th centiles ( þ 1 s.d. score), which were 2970 and 3976 g, respectively.
Children who had a birth weight < 3000 g and were in the highest weight s.d. score group at 7=8 y had significantly (P < 0.001) more abdominal fat (6.53 AE 1.3%) than those who Figure 1 Relationship between birth weight, weight s.d. score at 7=8 y and abdominal fat as a percentage of total fat. ANOVA -dependent variable, abdominal fat percentage of total fat; factors, birth weight P ¼ 0.002 and weight s.d. score 7=8 y P < 0.001.
Abdominal fat and birth size in children SP Garnett et al had a birth weight > 4000 g and were in the lowest weight s.d. score group at 7=8 y (4.14 AE 0.5%). A similar trend was seen if birth weight s.d. score was used instead of actual birth weight. Multiple regression models were developed to examine the effect of birth weight and weight at 7=8 y, as continuous variables, on abdominal fat% and are described in Table 2 . To ensure that the coefficients in the models are broadly comparable weight is expressed as s.d. scores. Weight s.d. scores allow for adjustment for age (gestational age in new borns) and gender and enable change in weight in terms of centile crossing to be interpreted. 19 Abdominal fat (%) Birth size, weight s.d. score at 7=8 y and total body fat Abdominal fat expressed as a percent of total fat was significantly correlated with total fat (r ¼ 0.55, P < 0.001). We therefore investigated the relationship between birth size and total body fat to determine if the association between birth size and abdominal fat was related to overall fatness. Multiple regression models developed to examine the effect of birth weight and weight at 7=8 y on total body fat% are also described in Table 2 . When birth size (weight s.d. score, head circumference or PI) was considered independently there was no significant association (P ¼ 0.660, 0.739 and 0.682 respectively) with total body fat. In contrast to abdominal fat, weight s.d. score 7=8 y was more strongly associated with overall fatness, explaining 44% of the variation (model 2), than change in weight s.d. score, (an additional 2%) giving a final r 2 of 46% (model 3). Again, interaction between the variables birth weight and weight at 7=8 y was explored, but it was not significant and did not alter the coefficient of determination (model 4). Significant differences between genders is indicated: *P < 0.05; **P < 0.01; ***P < 0.001. Birth size, lipids, insulin, glucose and blood pressure Median values for blood lipids, insulin, glucose and blood pressure are shown in Table 3 . Using correlation analysis there was no association between any measure of birth size, independently, or after adjusting for total body fat% at 7=8 y (Table 4) , and total cholesterol:HDL-C, triglyceride concentrations, insulin, insulin:glucose ratio or blood pressure.
Total body fat, abdominal obesity, lipids, insulin, glucose and blood pressure In correlation analysis, after adjusting for age and gender, insulin, insulin:glucose ratio and systolic blood pressure were more strongly associated with overall fatness whereas total cholesterol:HDL-C ratio, triglyceride concentrations and diastolic blood pressure were associated with abdominal fat (Table 4 ). There was a positive correlation between insulin:glucose ratio and both triglyceride concentrations, and systolic and diastolic blood pressures.
Discussion
In this study we report a negative association between abdominal fat in children aged 7=8 y and birth weight. Those who were born lighter and had the greatest weight s.d. score change between birth and 7=8 y had a greater proportion of abdominal fat. This association was seen across the whole spectrum of birth weights in children with a relatively small distribution of abdominal fat. These results support previously reported findings in adolescent girls 8 and prepubertal children 12 in which fat distribution had been estimated indirectly using skinfold ratios and waist circumference. The unique aspect of this study was the use of a more direct measure of body fat (DXA).
Low birth size combined with rapid childhood weight gain has also been shown to be associated with both poor glucose tolerance in 7 y olds 11 and death from coronary heart disease in adults. 10 We speculate that a lower birth weight and crossing weight centiles in childhood leads to a tendency to deposit fat centrally, which then persists into adulthood and predisposes disorders associated with insulin resistance.
We found no significant association between weight s.d. score at 6 months and abdominal fat, either independently or after adjusting for weight at 7=8 y, thus highlighting the significance of birth size. A possible limitation to the analysis was the change in reference standards from birth to 7=8 y. Birth weight s.d. scores were based on our original birth cohort of 2314 babies 15 and later weight s.d. scores were based on published reference values. 17 The mean weight s.d. scores at 6 months and 7=8 y were higher than the population means and are probably an indication of the secular trend in weight.
In contrast to the situation with abdominal fat, in this study there was a large variation in total fat. The possibility that the relationship between abdominal fat and birth size was due to a relationship between abdominal fat and total fat was considered. However, change in weight s.d. score only accounted for a small (2%) amount of the variation in total fat.
The mechanism underlying the association between birth size, abdominal fat and disorders associated with insulin resistance is unknown. Programming of the endocrine mechanisms of foetal growth which are mediated by insulin and insulin like growth factors (IGF) have been implicated. 20 In our sample population, we have previously reported an Abdominal fat and birth size in children SP Garnett et al inverse relation between IGF-I concentrations at age 7=8 y and birth size -children with the lowest birth size and heaviest current weight had the highest IGF-I concentrations. 21 High concentrations may reflect persisting IGF-I resistance or alternatively be a response to adequate postnatal nutrition and hence be a feature of rapid postnatal growth. This seems less probable as catch up growth in response to low birth weight is generally complete by 3 y. 22 We did not find a direct association between IHD risk factor markers at age 7=8 y and birth size or change in weight s.d. score. Other studies, but not all, have shown a negative relationship between birth size and blood pressure 23, 24 and a positive relationship between birth size and insulin resistance 11 in prepubertal children. This apparent inconsistency could be due to the small number of low weight babies (seven children had a birth weight < 2.50 kg) and the higher mean birth weight (3.47 AE 0.49 kg) in this study compared to others.
Nevertheless abdominal fat at age 7=8 y was directly associated with higher total cholesterol:HDL-C, higher serum triglyceride concentrations and increased diastolic blood pressure. These results are generally consistent with previous studies and support the concept that fat distribution in children, as in adults, is related to cardiovascular risk factors. 5 The independent relationship between insulin and triglycerides and insulin and diastolic blood pressure is also consistent with previous findings. 25 Unlike studies in normal and overweight women, 18 decreased insulin sensitivity in the children in our study was more strongly associated with overall fatness than abdominal fat. The difference may have been due to the relatively small distribution in fasting insulin levels in our population (median insulin 26.0 pmol=l, 5th percentile 11.7 pmol=l to 95th percentile 66.2 pmol=l) and=or the different measure of insulin sensitivity. We used fasting insulin:glucose ratio which has been previously reported as a useful, but crude screening test to predict insulin resistance. Gower et al 25 also reported a stronger association between insulin sensitivity (tolbutamide-modified frequently sampled intravenous glucose tolerance test) and overall fatness, when compared to visceral fat (computed tomography) in prepubertal children. They suggest that the association between visceral fat and insulin sensitivity may develop with age or increasing visceral obesity.
Another limitation to the study was the modest response rate. Nevertheless the children who participated in the study had birth weights, lengths and PI representative of the original cohort and birth weight consistent with Australian birth weight reference values. 16 We believe that it is unlikely that self-selection bias would significantly influence these results.
In conclusion, birth size independently predicted fat distribution in these healthy 7-and 8-y-old children. Children with the highest amount of abdominal fat were those who were born lighter and gained weight centiles. Increased abdominal fat was associated with higher total cholesterol:HDL-C, higher serum triglyceride concentrations and increased diastolic blood pressure. A lower birth weight and crossing weight centiles in childhood may lead to a tendency to deposit fat centrally which then persists into adulthood.
